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Abstract—Hydrogeochemical investigations of natural and contaminated subsurface waters were con-
ducted between 1992-94 in an area where liquid radioactive waste (RAW) was impounded in a small
lake, and subsequently leaked into an underlying water bearing horizon. The waste was discharged
from the radiochemical plant of the Mayak Amalgamated Industry near Chelyabinsk, Russia. The
underlying water-bearing horizon in fissured metavolcanic rocks was penetrated by uncased observation
wells in order to log the hydrogeochemistry. Logging was carried out using a specially designed hydro-
geochemical probe, which contained 8 channels to measure continuously the temperature, pressure, elec-
tric conductivity, pH, Eh, the dissolved O, concentration, and the activities of Na, and NOj in the
wells. The logging technique enabled the natural hydrogeochemical setting to be characterized and per-
mitted delineation of bodies of contaminated waters of different origins using measurements of pH,
pNa and pNOj;. The technique also permitted an evaluation of variations in the chemical composition
of the RAW solutions due to radiolytic processes and to chemical interactions with the geologic med-
ium. A conceptual model is proposed for the chemical evolution of the migrating contaminated subsur-

face waters in the area investigated. © 1998 Published by Elsevier Science Ltd. All rights reserved

INTRODUCTION

Radiochemical processing plants of the Mayak
Amalgamated Industry (MAI) are located on the
eastern slope of the Urals near the city of
Chelyabinsk, Russia. MAI activities between 1948
and the present led to the construction of several
reservoirs to contain low and intermediate level
liquid radioactive wastes (RAW). The natural
basins of the local Kyzyltash, Tatysh, and Karachai
lakes and artificial reservoirs on the Techa River
(Reservoirs 3, 4, 10, and 11), as well as the artificial
Reservoir 17 were used to impound the liquid
RAW (Fig. 1). Of these reservoirs, the greatest
threat to the environment is presented by Lake
Karachai (Reservoir 9) into which was discharged
intermediate level NOs-rich liquid RAW, containing
120 MCi of fission product radionuclides. The con-
taminated waters from this lake are infiltrating the
groundwater system. The resulting plume of con-
taminated water follows the regional natural flow of
the subsurface waters, migrating in both southerly
and northerly directions from the lake (Fig. 2). The
southern limb of the plume, containing about 60—
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70% of the contamination draining from the lake,
poses a serious threat, because it is migrating
towards the intake wells for the domestic drinking
water supply for Novogornyi City.

Observations to determine the distribution of
contaminated waters in the water-bearing horizon
are carried out through a system of observation
wells (Fig. 3). They are designed so that friable sedi-
ments and unstable fractured rocks in the upper-
most section are isolated using cemented steel
casings to a depth of between 5 and 15 m. On rare
occasions the casing extends to a depth of 45m.
The underlying stable fractured rocks are pene-
trated without casing to a depth of between 50 and
120 m and in one well to a depth of 400 m. The
completed internal diameter of the wells varies
between 76-93 mm. Until 1992, groundwater hydro-
geochemical observations in the wells were con-
ducted primarily with a Simonov flow sampler
[Maksimov, 1967]. Samples were collected, as a
rule, from 3 intervals: 15-25, 40-50, and 80-100 m
[Samsonova and Drozhko, 1996]. This sampling
method suffers from the disadvantage that the most
contaminated intervals of the subsurface water flow
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are not clearly delineated, because of the inherent
effect of compositional averaging over such broad
sampling intervals.

To improve the sophistication and reliability of
hydrogeochemical investigations, members of the
Radiogeoecology Department, Institute of Geology
of Ore Deposits, Petrography, Mineralogy, and
Geochemistry, Russian Academy of Sciences,
Moscow, Russia (IGEM), and the Scientific-
Industrial Center (PALS), designed and fabricated
an 8 channel hydrogeochemical probe (HGCP) for
in situ measurement of T, P, E, pH, Eh, and O,
concentration, and the activities of Na, and NO;
(Plate 1). Such a probe is possible thanks to a
method of pressure relief for standard potentio-
metric electrodes developed by Ben-Yaakov and
Kaplan [1968], the integration of sensors and elec-
trodes with an electric signal amplifier in the probe
[Zotov et al., 1981], and numerous independent
confirmatory potential measurements in wells
[Bottomley et al., 1984; Solodov et al., 1993], which
has demonstrated the effectiveness of this method
for the in situ study of subsurface waters.

TECHNOLOGY OF HYDROGEOCHEMICAL
INVESTIGATIONS

The behavior of radioactive isotopes and dis-
solved stable substances in hydrogeochemical sys-
tems depends on the Eh—pH conditions and on
concentrations of major complex-forming anions.
Therefore, a determination of the existing physico-
chemical setting in the water-bearing horizon is of
paramount importance.

Between 1992 and 1994, hydrogeochemical log-
ging (HGCL) of uncased observation wells, in com-
bination with interval sampling of subsurface
waters by a non-hermetic flow sampler, was used
for hydrogeochemical investigations in the vicinity
of Lake Karachai. The choice of sampling intervals
was based on logging results. The HGCL of obser-
vation wells was carried out with a standard mobile
logging unit and automatic measurement system.
The system includes the HGCP, an electronic data
logger, a tachometric depth meter, and a portable
PC AT386. The system allows for discrete and/or
continuous logging of wells with automatic record-
ing of depth and other parameters. The HGCP is
equipped with 8 sensors for high precision resistivi-
metry, conductivimetry, amperometry, and poten-
tiometry (Table 1), and precision measurements of
T (Cu electrode resistivity), P (pressure transducer
“silicon on sapphire”), E (sensor—4 conductive
electrode measuring cell), O, (Clarke sensor), pH
(glass electrode), Eh (Pt electrode), pNa (Na glass
electrode) and NOj (liquid membrane electrode).

During logging, the sensors are interrogated
every 2 sec, or more frequently, depending on the

rate of probe penetration or withdrawal, and infor-
mation is entered in digital form into the computer
for every 10—50 cm interval throughout the depth of
the well. The time required to log a well 200 m deep
is no more than 30-45 min. The operation and re-
liability of the automatic measuring system was
tested in the laboratory with equipment simulating
field conditions, and in the field in conjunction with
the conventional interval sampling method. The re-
liability of the system operation was confirmed by
stable and repeatable measurements in wells. The
precision and sensitivity of the system met specifica-
tions (Table 1). The in situ readings of the potentio-
metric sensors were in good agreement (10-15%)
with results using other laboratory analytical
methods. The stability of the system in operation
was evaluated under natural physico-chemical con-
ditions of the water-bearing horizon through a com-
bination of continuous and discrete logging. With
the sole exception of Eh measurements, the re-
sponses of the electronic circuits, communication
lines, and electrochemical electrodes for all data
channels were within the two-second interrogation
time of the system (Fig. 4). During Eh measure-
ments deviations and a sensor response lag were

Chelyabinsk Area

Lake Karachai N

Lake Tatysh

Fig. 1. Distribution of lakes and reservoirs at the Mayak

site (from the work by Drozhko et al., 1993). The area

where detailed hydrogeochemical investigations were con-

ducted, represented in Figs 2 and 3, is delineated by a
dashed line.
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Plate 1. Hydrogeochemical probe and associated data-logging equipment.
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Fig. 2. Areal extent of contamination by liquid RAW from Lake Karachai and alkaline waters from

the fly-ash impoundment of the Argayashskaya thermal power plant. 1—OId fly-ash impoundment (A-

1) of the Argayashskaya thermal power plant and its associated plume, 2, of alkaline NOs-bearing

waters; 3—Plume of NaNOj brines from Lake Karachai; 4—Zones of schistosity and fracturing, and

positions of assumed faults; 5—water sampling well; 6—water intake well. I-I'—line of geologic and/or
hydrochemical cross sections.

observed, which was associated with the lack of
inverse potential-charging in some areas of natural
water distribution and with considerable physico-
chemical disequilibrium in the water solution—rock
system due in part to the presence of the infiltrating
liquid RAW.

Along with errors associated with the measuring
system, hydrogeochemical logging can also be influ-
enced by processes occurring within the well itself,
which are not representative of those in the adja-
cent fractured bedrock. Firstly, there is a well

known focusing effect on the fluid flow by uncased
wells [Grinbaum, 1965]. Secondly, there is a distor-
tion of the real distribution of parameters with well
depth due to convective mixing of fluids with vari-
able density in the well bore. In deep wells the latter
effect results in the mixing of dense contaminated
waters, with groundwaters, and an equalization of
the concentrations of dissolved chemical com-
ponents in the well bore. In order to determine the
actual concentrations and distribution of the con-
taminated subsurface waters, such wells are flushed
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Fig. 3. Location of observation wells and hydrogeochemical zoning of subsurface waters in the vicinity

of Lake Karachai. (Prepared by I.N. Solodov, 1994). 1—Hydrogeochemical subzone (SZ-1) of intensive

vertical and lateral infiltration of O, bearing slightly acidic and almost neutral waters; 2—

Hydrogeochemical subzone (SZ-2) of slow predominantly lateral migration of slightly-oxygenated and

anoxic slightly alkaline waters; 3—Observation wells of the MAI Ecological Department; 4—Water
intake wells.

with lake water 1-2 days before HGCL [Solodov et
al., 1994].

When interval sampling with the flow sampler,
the subsurface water samples were transferred to
plastic containers without exposure to the air and
the containers sealed with rubber stoppers to pre-
vent spontaneous degassing. The water samples col-
lected in 1993 were analyzed using the following
methods: potentiometry—Na, NOs;, NHy, F; volu-
metric titrimetry—titrimetric alkalinity (as HCOs),
Cl, Ca, Mg; colorimetry—SQy, Si, NO,, P; flame

photometry—K, Na; atomic absorption—Na, K,
Cs, Ca, Mg, Sr, Ba, Fe, Mn; ion chromatography—
acetate, oxalate, Cl, F, NOs3;, NO,, SO4. Some of
the above mentioned components and all others,
presented in the following tables, were also deter-
mined using instrumental neutron-activation and
quantitative spectro-chemical analysis. Total CO,
was determined by Telesheva’s method [Telesheva,
1964]. During sampling, any precipitates were dis-
solved in HCI and analyzed separately by the same
methods. Analyses of the components present in the
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Table 1. Parameters measured by the information-acqui-
sition system during hydrogeochemical logging of obser-
vation wells

Parameter Unit Range Error

T °C 0-60 0.01

E Sm/m 0.02-5 0.005

P MPa 0-15 0.15%

pH —log mol/kg 0-12 0.05

Eh, pNO;, pNa mV —500-1800 10

Dissolved oxygen mg/L 0-20 0.3
Probe

Length mm 980

Diameter mm 65

Mass kg 5

precipitates and in the aqueous phase are given in
Tables 3 and 5. In order to evaluate the reliability
of the Clark O, sensor readings of the HGCP, ana-
lyses of dissolved O, content in water samples were
also carried out using Winkler’s method immedi-
ately after logging selected wells.

Hydrogeochemical data were processed using the
computer program, EQ3/6, Version 7 [Wolery et
al., 1992a,b], which employs the equilibrium con-
stant method. Dissociation constants and solubility
products of species in the aqueous solution and
solid phases, respectively, used in the calculations,
were taken primarily from Robie et al. [1979],
Wagman et al. [1982], Reardon [1983], Johnson et
al. [1991] and Grenthe et al. [1992] and corrected
for temperature. Results are generally comparable
to an earlier evaluation using the same analytical
data, but conducted using the Gibbs free energy
minimization method [Solodov et al., 1993, 1994].
EQ3/6 calculates the true ionic strength of the sol-
ution, aqueous species activities and concentrations,
Eh based on redox pairs, partial pressures of gas-
eous components, the percentage distributions of
aqueous complexes of basis species and charge
imbalance. The last procedure is carried out by
comparison of molar amounts of positively and
negatively charged species and is expressed as a per-
centage of the total charge. The saturation indices
(SI) of minerals potentially associated with both
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Fig. 4. Response time of O, and E sensors, and pH, pNa,

pNO;, Eh potentiometric electrodes during continuous

and discrete logging in Well No. 176 at a depth of 181 m

during October 1994. Parameters were monitored continu-

ously at a specific depth immediately after inserting the
probe into the well.

natural and technogenic subsurface waters are also
calculated. SI is defined as log(Q/K), where Q is the
ion activity product and K is the solubility product
of the mineral under consideration.

THE GEOCHEMISTRY OF NATURAL SUBSURFACE
WATERS

Structure and composition of rocks hosting the shal-
low groundwater horizon

The structural setting of the region under study
(Figs 2 and 3) is the core of the Gornenskaya syn-
cline, a brachyform structure with gently dipping
limbs. The syncline core is composed of Silurian
and Devonian metavolcanic rocks of intermediate
to basic composition. The metavolcanic rocks are
irregularly faulted. The faults are identified mainly
by linear schistose zones, which are located south-
east of Lake Karachai (Fig. 2). The schistose zones
form irregular lenses, which have been subjected to
alteration in texture and mineral composition, and
are broken into wide bands of sub-parallel frac-
tures. A series of NW striking faults has been ident-

Table 2. Chemical Composition (in wt.%) of the Volcanic Bedrocks andComponent Minerals, [S. V.Yudintsev, personal

communication]

Whole Rock
Chemical Analysis (40
Component samples) Pyroxene Amphibole Epidote Chlorite Albite
SiO, 50.96 50.48 54.78 39.68 3243 68.16
TiO, 0.84 0.67 0.96 0.11 0.05 0.06
ALO; 15.35 2.79 1.87 23.11 21.19 19.44
Fe, 04 5.59 - - - - -
FeO 4.84 8.62 12.12 12.50 12.78 0.32
MnO 0.15 0.2 0.25 0.08 0.36 0.01
MgO 8.89 14.46 15.55 0.14 20.56 0.18
CaO 9.88 22.14 13.69 24.29 0.33 0.73
Na,O 2.99 0.54 0.76 0.07 0.27 11.02
K,0 0.51 0.0 0.02 0.02 0.03 0.08
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Table 3. Chemical composition of natural (in subzones) and technogenic alkaline subsurface
waters, associated with the fly ash impoundment, A-1, on the right bank of the Mishelyak
River. Sampling and analysis conducted in September, 1992

Alkaline waters,

Component Measurement unit SZ-1 SZ-2 (A-1)
pH, - 6.45 8.50 11.2
Eh,, (Pt) mV +400 +190 —185
SCO, mg/L 77 121 8.8
HCO; 98 230 67.1
SOy 26.9 115 38.4
Cl 7.1 53.2 36.7
SiO, 17 15 5.4
NO;, 1.5 6.2 28
NO, <0.01 1.5 2.0
NH,4 <1.8 <1.8 <1.8
Na 4.5 16 28
K 0.9 2.0 17.0
Ca 22 76 4
Mg 8.4 30 0.04
F u/L 300 300 300
Al 220 410 1200
Sr 210 290 120
> Fe 434 580 16.7
Mn 15.2 41 10
Ba 17 27 14
Zn 43 120 24
Pb <2 <2 4.8
B 15 58 24
Ti 11 41 72
Cu 43 4.1 7.2
Mo 15 5.5 0.5
U 3.8 1.2 0.65
Ga 0 0 1.2
Ta 0 0 2.8
Total dissolved mg/L 181 430 191
solids

Notes: Subscript ‘p’ indicates in situ measurements in the water-bearing horizon.
Data on SZ-1 and SZ-2 each represent the averages of analyses from 5-8 wells.

The analysis of alkaline waters is represented by a sample drawn from Well No. 206.

Table 4. Saturation indices, SI, of various subzone waters in relation to potential mineral precipitates

Name Composition SZ-1 SZ-2 A-1
Oxides and Hydroxides
brucite Mg(OH), <—10.000 —3.747 —1.321
portlandite Ca(OH), <—10.000 <—=10.000 —5.881
gibbsite ™ Al(OH); +2.609 +3.060 +0.845
amorphous silica SiO, —0.542 —0.607 —2.133
quartz SiO, +0.906 +0.842 —0.684
schoepite UO,(OH),-H,O —3.344 —5.622 —6.014
Carbonates
magnesite MgCO; —3.027 —0.051 —2.255
calcite CaCO; —2.157 +0.801 +0.319
strontianite SrCO; —2.131 +0.433 +0.893
witherite BaCO; —0.449 +2.194 +2.744
gypsum CaS0,4-2H,0 —2.548 —1.594 —3.182
celestite SrSO,4 —3.755 —3.194 —3.841
barite BaSO, —0.353 +0.286 —0.270
Silicates
*sepiolite Mg,SicO;5(OH),-6H,O <—1.667 +0.314 +0.405
logPcos —1.844 —3.424 —8.054

Note: SI is defined as log(Q/K), where Q is the ion activity product and K is the solubility product. Those minerals
that are near saturation or supersaturated are indicated by bold type.

*Normalized to one SiO,

* Gibbsite supersaturation is probably an artifact introduced by the analysis of total Al in solution containing colloidal
particles.
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ified within the southwestern schistose zone, dis-
cerned through variations in relief, thicker eluvium,
and large He anomalies, i.e. 4.4 x 1073 mL/L, where
background values are normally in the range of 8.2
to 40 x 107 mL/L [Velichkin er al., 1993]. In this
area also, the metavolcanic rocks are much more
intensively fractured.

The porosity within the metavolcanic rocks in
regions between the large faults has been investi-
gated to a depth of 80-100 m and is characterized
by the following types of pores and fractures
[Solodov et al., 1994]: (1) voids in the form of
plane-parallel microfractures and oriented linear
pore-capillary systems from pum to tens of um in
size and with an effective porosity from 0.2-0.34%.
In the depth interval from 80 to 1200 m, this effec-
tive porosity decreases and essentially vanishes in
some sections, (2) hydraulically interrelated longi-
tudinal and lateral systems of fractures formed as
the result of visco-plastic and brittle deformation.
The longitudinal fractures due to visco-plastic de-
formation are a few mm wide and between several
cm and tens of cm long. Fractures due to brittle de-
formation are usually a few mm wide and rarely cm
in width. Their length ranges between m and tens
of meters.

In the upper part of the bedrock, to depths of
several tens of m, voids are present due to the
leaching of calcite from quartz-calcite and calcite
stringers beneath the weathered and disintegrated
crust, and also beneath modern river valleys and
lake basins. This suggests the occurrence of deep
circulating waters of surficial origin in permeable
weathering zones.

In general, the fracture porosity and hydraulic
conductivity in the bedrocks are as follows: in the
upper part of the volcanic rock section to the depth
of 20 m the porosity attains a maximum value of
2.8% and a hydraulic conductivity of 4-7 m/day; in
the depth interval from 20 to 80 m, the values are
0.5-2.0% and 0.5-2.0 m/day, respectively; and
below 80-100 m, they do not exceed 0.5% and
about 0.2 m/day or less. Below 100 m, the voids
diminish but do not entirely disappear. Intensely
sheared schistose zones in the volcanic rocks were
observed in holes up to 1200 m deep at the depths
of 100-102 m, 515 m, and 832-843 m. These zones
may serve as channels for deeply circulating con-
taminated waters.

The unweathered bedrocks are composed of
metavolcanic rocks of andesitic to basaltic compo-
sition. An average chemical composition (based on
40 samples) is given in Table 2. The volcanic rocks
have been subjected to regional metamorphism
under greenschist facies conditions. The original
rock forming minerals were represented primarily
by pyroxene and plagioclase. Secondary minerals
include amphibole, epidote, chlorite, albite and cal-
cite. Carbonates are distributed irregularly in the

rocks in concentrations ranging from 0.1-7.4 wt.%
CO,.

The mineral and chemical composition of volca-
nic rocks is considerably altered by weathering pro-
cesses to a depth of 80—100 m. V.I. Myskin [cited in
Solodov et al., 1994] identified (from the bottom to
the top) disintegration zones, zones of incipient clay
alteration and clay alteration in the weathering
zone profile. The maximum thickness of the upper-
most clay alteration zone is 30 m. In the disinte-
gration and incipient clay-alteration zones, various
mixed layer minerals predominate among the sec-
ondary minerals. In the zone of incipient clay-
alteration, the montmorillonite fraction increases,
and vermiculite and kaolinite appear. In conformity
with the distribution of clay minerals in the weath-
ering profile, the sorption capacity of rocks
increases progressively from the bottom to top.

Lake Karachai was originally an upland marsh.
During the Pliocene—Quaternary epoch, thin, 0.1-
0.2 m thick, peat and silt sediments accumulated in
the marsh. The modern artificial lake area is, how-
ever, considerably larger than that of the pre-exist-
ing marsh, because the southern and western
margins, composed of thin Late Miocene loams up
to 2m thick and in some places slightly altered
exposed bedrock, have been flooded. The techno-
genic solutions infiltrate into the groundwaters
through the altered rocks in the years of intensive
precipitation when the lake level is elevated. The
Mishelyak River valley to the S of Lake Karachai
is filled with no more than 10-15m of Late
Miocene variegated clays. On the steep marginal
slopes, the sedimentary cover is represented by
loamy glacial deposits.

Processes affecting the chemical composition of natu-
ral subsurface waters

Lake Karachai and vicinity is a small region
within the vast catchment area of the Tobol basin.
In hydrodynamic terms, it is a zone of intensive
water exchange. A N-S trending hydrogeological
cross section I-I', from Lake Karachai to the water
intake wells for Novogornyi City (Fig. 2) shows
that there is only one water-bearing horizon (Fig. 5),
which consists of friable slightly permeable eluvial-
glacial and thin alluvial sediments overlying rela-
tively thick (80-100 m) fissured bedrocks. The
groundwaters possess a normal hydrostatic gradient
except in areas covered by clayey and loamy sedi-
ments where in years of heavy precipitation the
groundwater head is slightly greater than the hydro-
static head.

The major recharge to the water-bearing hor-
izon occurs as a result of precipitation. The mag-
nitude of inflow into the fissured rock and
variations in its chemical composition due to
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Fig. 5. Geologic cross section (prepared by B.T. Kochkin, 1993) and hydrogeochemical sections
through the southern limb of the plume of contaminated water. The zone of open observation wells is
delineated by a dashed line. Hydrogeochemical sections are prepared from hydrogeochemical logging
results and interval sampling. 1-—Late Miocene deluvial and proluvial loams with rare quartz pebbles;
2—Late Miocene alluvial sands and clays; 3—loams of the weathered crust; 4—weathered bedrocks;
S—porphyrites; 6—tuffs; 7—schistose zones; 8—a “‘rejuvenated” fault; 9—plume; 10—predominant
direction of the contaminated water movement; 11—structural “traps” (zones of accumulation) of
dense brines; 12—assumed direction of discharge of contaminated waters in the valley of the Mishelyak
River.

reaction with the enclosing rocks depends directly
on the local relief and the thickness of friable
slightly permeable surficial sediments. An analysis
of the HGCL results from observation wells situ-
ated beyond the influence of sources of contami-
nation in combination with results of interval
sampling of subsurface waters permits two hydro-
dynamic subzones to be distinguished, each with
characteristic  hydrogeochemical properties as
described below:

Subzone of active vertical and lateral circulation
of infiltrating waters (SZ-1). The SZ-1 subzone
waters are distributed within elevated parts of the
solid bedrock relief, where the fissured rocks out-
crop or are covered by a thin layer of soil and
loam (Fig. 3), and intense vertical and lateral cir-
culation of surface waters occurs throughout the
water-bearing horizon. Here, the base of the disin-
tegration zone occurs at depths of no more than
40—60(?) m. The subzone is characterized by the
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Fig. 6. Distribution of O,, pH and Eh in subsurface
waters of subzone SZ-1 on the left bank of the Mishelyak
River, observed in Well No. 173 during October, 1994.

distribution of slightly acidic and near neutral
(pH 6.4-7.4), oxidizing (Eh +200 to +480mV),
oxygen bearing (5-12mg/L), and slightly minera-
lized (90-200 mg/L total dissolved solids) waters
(Table 3, Fig. 6).

The SZ-1 subzone waters are chemically reactive
in relation to the enclosing rocks, because they con-
tain low concentrations of dissolved solids and their
chemical composition has been modified only
slightly through reaction with the enclosing rocks.
As can be noted from Table 4, the water is unsatu-
rated with respect to most carbonate and sulfate
minerals. However, many smectite end member

I. N. Solodov et al.

components, as well as illite and kaolinite remain
supersaturated even after correcting for gibbsite
supersaturation. Supersaturation with respect to
these clay minerals is consistent with mineralogical
observations of the secondary mineralogy of this
shallow weathering zone, although uncertainties in
the groundwater chemical analyses, clay mineral
solid solution compositions and mineral thermodyn-
amic properties limit further interpretation. The SZ-
1 waters also contain elevated soil-derived concen-
trations of CO, in relation to surface waters. Thus,
logPco, in the cited SZ-1 water is —1.84 (Table 4)
compared with that in equilibrium with the atmos-
phere of —3.48.

Subzone of delayed lateral infiltration of ground-
waters (SZ-2). Waters of the SZ-2 subzone are as-
sociated spatially with depressed areas of the solid
bedrock relief, which are covered by slightly per-
meable alluvial, glacial and eluvial sediments
(Fig. 3). Here the disintegration zone thickness var-
ies from 80 to 100 m. Lateral groundwater mi-
gration, although less intensive than in the SZ-1
subzone, predominates in this subzone of the water-
bearing horizon. The predominant groundwaters
are slightly oxidizing with Eh varying between + 70
and +160mV in the lower part of the horizon.
They are practically O,-free (0-4 mg/L) and slightly
alkaline where the pH ranges from 8.0 to 8.5
(Table 3). The total dissolved solid content (400—
600 mg/L) of these waters increases as they

Table 5. Chemical composition of NaNO;/COj3 brines and subsurface waters in the lower part of the water bearing hor-
izon (40-100 m below the surface) along the flow path from Lake Karachai to the Novogornenyi City water intake,
September, 1993

Well No. 41/77 63/68 10/68 3/68 9/68 43/78 176 50/79 209
Distance, m 50 1100 1500 1900 2150 2210 2500 2800 4000
Depth, m 45 100 100 90 100 40 80 40 40
pH 8.05 7.33 6.6 6.45 5.85 7.39, 7.33, 8.42, 8.12,
NO; ,mg/L 45000 45000 52000 32000 27100 16690 3910 43 6.5
NO, 4100 3600 6000 3800 4200 50 250 0.7 0.0
SCO, 28800 10740 12200 11230 7080 490 93.6 134 41.8
HCO; 4760 1220 1830 1160 952 266 251 220 120
CO; 0 0 0 0 0 0 0 216 16.8
SO, 360 400 350 165 287 384 200 111 422
al 120 90 105 80 88 49.7 162 54 46.9
CH;COO 25 150 90 50 300 0.19 0.18 <0.02 0.02
F 2 2 2 13 1.5 0.8 0.8 0.3 0.3
Humic acid - - - - - 39.9 22.4 3.5 <0.1
C,0, 0 0 0 0 1.76 0.016 0.009  <0.001 <0.001
Si0, 2 6 6 16 16 25 21 21 2.5
Na 40000 24000 14000 11500 2200 337 46.3 4.5 35

K 310 260 140 130 60 6.9 5.1 1 1.7
137Cs, Bq/L <300 <300 <300 <300 <300 <45 <45 <45 <45
Mg, mg/L 300 200 3900 4500 4100 1140 408 24 3.8
Ca 10 1400 9300 11300 10800 5300 720 66 1.6
Sr 210 260 250 250 180 28 12 0.31 0.29
NH,4 48 20 52 26 25 1.1 2.9 0.0 1.8
U 41 35 41 28 23 13 0.0037 0.0042 0.0017
Mn <1 <1 80 90 60 - - - -
TDS, g/L 110 83 95 72 54.5 24.3 5.83 0.514 0.173

Note: The components Ba, P, Fe, and Al are present in concentrations of less than 1 mg/L and are not included in the
Table. A dash (-) means the absence of data. The subscript, p, indicates a field measurement.



Natural and contaminated subsurface waters 931

approach equilibrium with the enclosing rocks. A
thermodynamic analysis indicates that SZ-2 ground-
water has attained saturation with respect to several
carbonate components and barite (Table 4), and in
common with SZ-1 waters, is supersaturated with
respect to secondary clay minerals. LogPco, is
lower than in SZ-1 type water as a result of
increased alkalinity. Note that the rather high
degree of supersaturation with respect to calcite,
where SI = + 0.801, could be attributed primarily
to uncertainty in the pH measurement.

Within the fault zones and zones of increased
fracturing, the SZ-2 subzone thickness increases to
80—-120 m. In these parts of the water-bearing hor-
izon, O,-bearing (1-8 mg/L) oxidizing waters (Eh
+110 to +210 mV) circulate. In one such well, No.
7/90, the O, concentration is observed to fall pro-
gressively from 8 mg/L at a depth of 20 m, immedi-
ately beneath the steel casing, to about 1 mg/L at a
depth of 110 m. It is interesting to note that the dis-
solved O, content in the formation beneath the
steel casing is unaffected by reaction with the steel
casing in the upper sections of the wells where the
steel corrodes through interaction with dissolved
0O,, and forms H,. In the steel casing interval, how-
ever, the Eh falls to —380 mV.

An analysis of background hydrogeochemical
conditions suggests that an environment typical of
subzone SZ-2 would have predominated between
Lake Karachai and the Mishelyak River, prior to
disposal of liquid RAW in the lake, i.e. in the area
of the northern branch of the PaleoMishelyak river
(whose axis coincides with the alignment of wells
41/77, 63/68, 9/68, and 8/68 in Fig. 2), slightly alka-
line and slightly oxidizing waters would have been
present. As will be shown below, technogenic geo-
chemical processes have drastically changed this en-
vironment.

GEOCHEMISTRY OF CONTAMINATED
SUBSURFACE WATERS

Liquid RAW was discharged into Lake Karachai
for 43 years. At present it contains 120 MCi of
beta-active radionuclides, of which 40% is *°Sr and
60% is '*"Cs with concentrations of 3 x 10~ and
9% 107 Ci/L respectively. In the lake, 7% of the
radionuclides are distributed in the water, 52% in
silts, and 41% in loams at the bottom of the basin
[Drozhko et al., 1993]. The volume of water in the
lake is 0.2 x 10° m® covering an area of 0.1 km?>
with an average depth of 1.5m. Since 1984, the
lake has been largely filled with ferroconcrete blocks
and rock from local quarries. The effluent dis-
charged into the lake from the radiochemical plants
consisted of radioactive slightly alkaline (pH 7.9—
9.3) NaNO; brine. The dissolved salt load during
the whole time the lake has acted as an effluent

impoundment has varied between 16-145 g/L, and
the brine density has proportionately varied
between 1.006 and 1.095 g/em®. The major com-
ponents of the dissolved salts were (in g/L): NOs,
11-78; acetate (CH5COOQ), 0.6-20; oxalate (C,Oy),
0.9—-14; SO,4, 0.12-1.3; and Na, 6-32. The concen-
tration of secondary components was (in mg/L); Cl,
20-350; U, 13-196; Ca, 8-80; and Mg, 8-69
[Samsonova and Drozhko, 1996].

Lake Karachai straddles the divide between the
Techa and Mishelyak river catchments. While act-
ing as a liquid RAW impoundment, it accepted a
volume of effluent 25 times greater than that of the
basin. The dense effluent brine did not overflow the
banks of the lake, but instead infiltrated the water-
bearing horizon underlying the basin and displaced
the natural subsurface waters. By 1993, a plume of
NaNO; brine had displaced a preexisting volume of
about 5 x 10° m* and covered an area of more than
15 km? in the water bearing horizon surrounding
the lake. The mean velocity of the advancing NOj
front at a depth of 60—100 m is presently estimated
to be between 0.17 and 0.23 m/day [Glagolev and
Samsonova, 1992]. By the time the present investi-
gation had been concluded, the hydrogeochemical
environments in the region between Lake Karachai
and the Mishelyak River had been delimited, as is
described further below (Table 5, Fig. 5).

In order to study the chemical behavior and in-
teraction of the migrating plume with the preexist-
ing groundwaters and aquifer rocks, waters were
sampled from a series of wells along the traverse I—-
I’ and analyzed for their principal chemical con-
stituents (Table 5). From these analyses, and
HGCL, the nature and extent of the plume could
be delimited within the aquifer. The NaNO; brine
has completely displaced subsurface water near the
lake. The brine chemical composition has also
evolved with distance from the lake. Apart from di-
lution, precipitation, and hydraulic dispersion, the
brine is modified under the influence of radiation
due to radioactive decay and interaction with
enclosing rocks. Thus, in the first well of the tra-
verse, the brine has already evolved from a domi-
nantly NaNOj; composition to a NaNO;/HCO;
mixture. The predominance of molar concentrations
of NO; over Na (e.g. see Fig. 7) also indicates pro-
cesses involving the immobilization of Na by the
weathered aquifer rocks. It is also clear that in the
system under consideration, the various components
differ in their capacity to migrate because of retar-
dation or precipitation, and that NO; is least
affected by these processes.

In the lake and immediate subsurface, the radio-
active NaNOj; brines are moderately alkaline with a
pH 8-8.5. The alkalinity is due primarily to the
radiolytic decomposition of acetate with the for-
mation of HCOs. The concentration of acetate was
initially 0.6-20 g/L at the source, but decreases to
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Fig. 7. Distribution of pNa, and pNO; as a function of
hydraulic head in contaminated subsurface waters flowing
from Lake Karachai as observed in Well No. 176 during
October, 1994. The distribution reflects the differing mi-
gration capacity of Na in comparison with the conserva-
tive component, NO;. Within the weathered rocks, Na is
retarded in contrast to unweathered bed rocks, where re-
tardation is minimal.

25-150 mg/L in the main body of the brine plume
(Table 5). Radiolysis also appears to be associated
with the destruction of oxalate in the system.
However, it is probable that oxalate first precipi-
tates as a low-solubility Ca oxalate precipitate,
which then disintegrates by radiolysis. The relatively
low concentration of Ca®>" and absence of oxalate
in the brine, as observed in Well No. 41/77
(Table 5), could be attributed to this process. As a
result of acetate and oxalate radiolysis, the total
CO, concentration attains 28.8 g/L in Well No. 41/
77, which is 360 times higher than in natural waters
from a similar host rock environment.

After leaving the lake, the brine becomes pro-
gressively more acidic (pH ~ 6) and moderately oxi-
dizing, e.g. the Eh is greater than +395 mV (Fig. 8).
The increased acidity is due to the progressive pre-
cipitation of alkali—earth carbonates induced by the
jon exchange of 2Na™ for Ca?™, Mg®" or Sr*" in
minerals of the geologic medium. In those regions
of the water-bearing horizon in contact with the

NaNO;/CO; brine, Ca’", Mg®>" and Sr*"
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Fig. 8. Logs of E, Eh, and O, in Well No. 64/68 in 1994.

exchange most likely takes place in secondary clays,
e.g. montmorillonite, in the clay alteration zones.
However, Ca?" removal from primary alumino-sili-
cates, e.g. amphibole and epidote, and Mg®" from
amphibole and chlorite in deeper regions of the
aquifer cannot be ruled out. The total concen-
trations of Ca®>" and Mg?" exceed by tens to hun-
dreds of times their concentrations in Lake
Karachai. The Sr concentration in the brine samples
is also 850 times more than in corresponding natu-
ral subsurface waters. The shift in pH also favors
the formation of HCO;, and an increase in the par-
tial pressure of CO,, which is confirmed by gas
emanations consisting primarily of CO, from all
wells located within a 1 km radius from the lake.

The change in oxidation state is explained by the
partial radiolysis of the NOj3 in the brine to NO,
(Table 5), correlating with data by Sharpaty and
Proskurin [1962], and possibly to radiation or Na™
induced dissolution or ion exchange, respectively, of
metal cations, e.g. Fe>" and Mn®" that could also
affect the redox state of the brine. Radiation of
minerals leads to the distortion of atomic bonds
and the formation of various defects in the crystal
lattice, due to transfer of electrons from the valence
zone to the conductance zone, and to other effects
[Vovk, 1979]. These processes facilitate the transfer
of chemical elements from minerals to the aqueous
phase. Hydrated electrons, hydrogen, hydroxyl and
hydroperoxide radicals, hydrogen peroxide, atomic,
ionic, and molecular forms of hydrogen and oxygen
[Allen, 1961] form during the disintegration of pure
water when exposed to radiation. The products of
water radiolysis accentuate many processes, some of
which do not occur under natural conditions in the
supergene zone [Vovk, 1979]. As a consequence, the
alteration of feldspar into clay minerals, sulfides
into sulfates and the oxidation of organic matter in
the water and rocks is more intensive.

The oxidizing state of these waters may be
explained by radiolysis in accordance with the con-
cepts of Gutsalo [1972] and Vovk [1979], at least as
reflected by the results of in situ measurements
(Fig. 8). Dissolved O, with a concentration of
18 mg/L was observed at a distance of 1.3 km from
the lake. Only an insignificant component (2-3 mg/
L) of this dissolved O, is derived from the atmos-
phere. The balance has a radiogenic origin where,
in the NaNQO3/COsbrine, its concentration falls to
4 mg/L as the result of salting out (Fig. 8). The
maximum concentration of O, is observed immedi-
ately above the brine plume and is 6 mg/L higher
than the maximum dissolved concentration of O,
(12 mg/L) in equilibrium with the atmosphere at the
subsurface water temperature of 6°C. In this zone,
at a depth of 80 m, the Eh is 65 mV higher than
comparable shallow subsurface waters at 10m
depth. The slightly acidic condition and high oxidi-
zation state of such subsurface waters in the vicinity
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of the lake favors the retention and migration of
transuranic elements Am and Np [Hobart, 1990].

The distribution of some key geochemical par-
ameters in a cross section of the plume along the
I-I' traverse is illustrated in Fig. 5. The bulk chemi-
cal compositions of technogenic brines from wells
along the traverse (Table 5) were subjected to a
thermodynamic analysis, and geochemically signifi-
cant concentrations of migrating species of the
major dissolved components between Lake
Karachai and the Novogornyi City water intake,
and saturation indices (SI) in relation to some po-
tential secondary minerals were calculated and are
summarized in Tables 6 and 7, respectively.

The thermodynamic analysis leads to several sig-
nificant interim conclusions regarding the behavior
of the liquid RAW in the subsurface environment.
Before elaborating, however, several details con-
cerning the thermodynamic analysis should be
noted. Firstly, despite our acceptance of the pH
measurements, those taken in the high ionic
strength brines may be subject to uncertainties due
to differences in the liquid junction potential across
the fiber junction of the reference electrode in the
brine when compared with the calibrating buffer
solution. Secondly, the true ionic strength of the
technogenic brines is greater than 0.5 mol/kg in 5 of
the 9 analyses given, which exceeds the range nor-
mally recommended when using the extended form
of the Debye—Huckel equation that was employed
in the current analysis. However, uncertainties in
the thermodynamic data used in the calculations
are probably greater than the potential errors intro-
duced by exceeding the recommended range of the
electrolyte model. Secondly, the charge imbalance
was corrected by adjustment of NOj concentration
at 20°C for the first 5 analyses, and the species dis-
tribution and pH recalculated for ambient tempera-
ture (6°C). Adjustment of NO; concentration, does
not have a major impact on the distribution of
other species in the groundwaters or the calculated
in situ pH, because it is weakly complexed. In the
remaining analyses, the pH was measured in the
field.

As noted above, the radiolytic decomposition of
acetate and oxalate in the technogenic brines, leads
to the formation of high concentrations of carbon-
ate species in solution, while the high initial concen-
tration of Na is progressively exchanged with alkali
earth cations and results in increasing concen-
trations of Mg, Ca and Sr in the direction of plume
movement. Table 7 shows that the brines are highly
supersaturated with respect to calcite and several
other carbonate minerals. Furthermore, the partial
pressure of CO, in the brine approaches, and even
exceeds one atmosphere as ion exchange of Na™
progresses and secondary alkali—earth carbonates
precipitate, driving down the pH. The identities of
the carbonate minerals precipitating from solution

within the plume are not known, but both field and
laboratory evidence suggests that either low tem-
peratures or high salinities, together with high levels
of supersaturation, favor the formation of meta-
stable carbonates (Fischbeck and Muller, 1971;
Fischbeck, 1976: Davies et al., 1977). Mg>™ in sol-
ution also retards calcite precipitation (Lippmann,
1973). However, the high transient level of supersa-
turation could induce rapid precipitation of fine
particles with a substantial surface free energy con-
tribution to the Gibbs free energy of the precipitat-
ing carbonates. Thus several factors will affect
equilibration between carbonate precipitates and
the technogenic plume. If the Ostwald’s Rule of
Stages [Ostwald, 1897] applies to the precipitation
of carbonates within the plume, then according to
Table 7, it is the least saturated of carbonate phases
that are most likely to be precipitating, i.e. of those
listed, monohydrocalcite and/or huntite, whose sat-
uration indices are generally less than unity
throughout the plume.

A recent experimental study concerning the kin-
etics of precipitation of carbonates from Ca-Mg
chloride mixtures in solution at 25°C shows that
both the rate of precipitation and the progressive
evolution of successive phases is dependent on the
aqueous Ca/(Ca + Mg) ratio [Babcan et al., 1992].
Thus, while direct comparisons between the cited
work and field conditions are not possible, it
appears that the most likely precipitates at the pre-
vailing Ca/(Ca + Mg) ratios would be either amor-
phous or finely crystalline Mg-calcite, or
monohydrocalcite. Further investigations are war-
ranted to clarify the kinetic and thermodynamic
issues raised.

Radiolysis of the technogenic brine components
leads to a state where the brine is not in internal
equilibrium with respect to all redox pairs.
However, it is noteworthy that the redox potentials
defined by the N bearing redox pairs, NHy/NO;
and NO,/NO;, are reasonably consistent, although
200 mV higher than the HAc/HCO; redox pair
(Table 6). Field measurements of Eh are consistent
with the former, and with the high Mn concen-
trations observed in some of the analyzed samples
(Table 5). At the measured pH of these solutions,
the Eh must be of the order of +400 mV or less to
ensure that Mn>" remains in solution, probably in
equilibrium with a rhodochrosite component of a
precipitating carbonate solid solution. At higher
Eh, Mn?>" would precipitate as Mn(III) or Mn(IV)
oxides, and the concentration of Mn in solution
would be far lower.

Of particular interest is the fate of *°Sr during
transport in the plume. As pointed out elsewhere in
this paper, Sr** probably goes into solution, along
with Mg?* and Ca®", through ion exchange with
2Na™ in clay minerals, effectively diluting the *°Sr
concentration originally in the lake water by nearly
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3 orders of magnitude. The Sr in aqueous solution
is primarily in the form of the positively charged
Sr2" and Sr(NOs;)" species and possibly StHCO;
(SrTHCO;5™ was not incorporated in the EQ3/6 data-
base used in the present study). However, Sr
appears to be preferentially removed from solution
through co-precipitation with Ca and Mg in amor-
phous or poorly crystalline carbonates, as the molal
ratio of Ca/Sr shows a progressive increase from
0.10 to 412 between Well No. 41/77 and 43/78 in
the plume with increasing distance from Lake
Karachai (Table 6). Given that both Mg>*, Ca’”"
and Sr** jon exchange by 2Na* and co-precipi-
tation in carbonate occur concurrently as the plume
advances, it would be expected that the 28r radio-
nuclide would be progressively diluted by nonradio-
genic Sr, while being simultaneously immobilized in
carbonate precipitates. The long term fate and state
of immobilization of *°Sr is contingent upon recrys-
tallization of the carbonates, depletion of Ca in the
ion exchange sites of clays, and the evolving com-
position of the infiltrating liquid RAW from Lake
Karachai. Further study is merited.

Some comments on the behavior of U transport
in the plume are also justified. Under the prevailing
Eh—pH conditions in the plume, and in the presence
of high concentrations of carbonate species, U sorp-
tion by rocks is improbable, because it is present in
the form of negatively charged uranyl-carbonate
complexes. Uranium solubility might be controlled
by the precipitation of uranyl phosphates, but infor-
mation on the concentration of PO}~ in solution
would be required to test this hypothesis. At the
leading edge of the plume, however, in Well No.
43/78, soddyite ((UO,), (Si04):2H,0) saturates. It
is thus possible that U will be transported and pre-
cipitate where carbonate precipitation has exhausted
the complexing carbonate ligand for UO3™ in sol-
ution. Throughout the plume, U remains extremely
unsaturated with respect to the uranyl carbonate,
rutherfordine.

North and S of the Mishelyak River Eh—pH pat-
terns in groundwaters differ significantly. In the
region between Lake Karachai and the river, oxidiz-
ing slightly acidic waters predominate, but between
the river and the Novogornyi City water intake the
natural groundwaters are slightly oxidizing (Eh
0-+200mV) and slightly alkaline (pH 7.5-8.0).
Groundwaters also occur in this region that are al-
kaline (pH 9-11.2) and reducing (Eh from —150 to
—250 mV). The latter are distributed in the vicinity
of the water intake and have leached from the adja-
cent fly-ash  impoundment, A-1, of the
Argoyashskaya thermal power plant (TPP), which
is located on the eastern bank of Lake Ulagach,
and has been in operation since 1953 (Fig. 2 and
Table 3). The alkalinity of leachates from the fly-
ash impoundments is due to the high content of
alkali—earth element (Ca and Mg) oxides in the ash.
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These waters are chemically reactive with the
enclosing rocks and occur in the upper part of the
water-bearing horizon, associated with deminerali-
zation due to the precipitation of carbonates and
silicates (and possibly hydroxides) of Ca and Mg
(Table 4), and ion exchange of Ca?" for Na™.
They are also slightly enriched with other elements
leached from the ash, e.g. K(?), Al, B, and Ga
[Tauson, 1986]. As may be noted from Table 4, A-1
water is slightly supersaturated with respect to cal-
cite, and strongly supersaturated with respect to the
minor alkali earth carbonates, strontianite and
witherite, but is undersaturated with respect to
magnesite. It is probable that Mg®" activity is con-
trolled by saturation with respect to hydrated Mg
silicates or aluminosilicates. Noteworthy is the
extremely low calculated partial pressure of CO,,
which is reflective of the strongly alkaline character
of these fly-ash leachates.

The demineralization process leads to waters of
lower density, which contributes to the localization
of these alkaline waters in the uppermost part of
the hydrologic section to depths of 30—50 m. These
modified alkaline waters presently invade the water
intake wells from overlying horizons, in contrast to
the dense brines of Lake Karachai, which would
eventually migrate into the water intake wells from
below (Figs 2 and 6).

DISTRIBUTION AND MIGRATION OF THE
CONTAMINATED SUBSURFACE WATERS

The migration of the NaNO3;/CO; waters in the
plume is reflected by variations in its chemical com-
position. The spatial distribution of the southern
limb of the plume is determined by the physical
character of the host medium, i.e. the relief of the
base of the disintegration zone of the volcanic
rocks, by the general orientation of fold structures,
by the orientation of tectonic zones of predominant
fracturing, and by partial discharges of subsurface
waters near the lake through withdrawal of water
for domestic water supplies, and through natural
discharges to the Mishelyak River.

To precisely evaluate the scale of contamination
and determine the predominant directions of mi-
gration of the contaminated waters, prognostic
evaluations are required. Especially important is a
delineation of the boundary between contaminated
waters migrating from Lake Karachai, and other
contaminated and natural bodies of groundwater.
Nitrate is a useful indicator for the distribution of
contaminated waters in the water-bearing horizon,
as there are, apart from the brines from Lake
Karachai, other sources of NOs in the subsurface
waters, including those from stack gases and from
fly-ash of the Argoyashskaya TPP.
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Anomalous slightly acidic (pH 6-6.5) waters may
be associated with stack gas aerosols, which are
transported into surficial water-bearing soil hor-
izons. These waters contain increased amounts of
the following components [Zaikov et al., 1991]:
SO4—up to a few hundreds of mg/L, NOs;—up to
and exceeding the maximum permitted concen-
tration for drinking water (10 mg/L as N), NO, and
NHy—fractions of mg/L, rarely more than one mg/
L. Water leaching from the ash from the
Argoyashskaya TPP is also a source of NOj3 in the
subsurface waters. Such anomalies are encountered
sporadically in the region around Lake Karachai.
They are more common in areas of less acidic rocks
and in the water-bearing horizon and are typically
found at a depth up to 20 m, but rarely as deep as
40 m.

Nitrate anomalies of different origins may be dis-
tinguished by evaluating results of pH-pNa-pNO;
logging using as criteria the pH of the ground-
waters, the location of the NO; anomaly in the
water-bearing section, and the pNOjz/pNa ratio.
According to these criteria, where NO; anomalies
are derived from stack gas aerosols, the subsurface
waters are slightly acidic with a pH 6-7, whereas
subsurface waters containing NO; anomalies associ-
ated with fly ash impoundments are alkaline and
usually occur in the upper parts of the water bear-
ing horizon. They contain up to 60 mg/L NOj3, and
the ratio of pNO;/pNa is >1 (Fig. 9). In contrast,
NO; anomalies associated with technogenic brines
from Lake Karachai, and occurring in weathered
rocks, have a ratio of pNO;/pNa, which is <1
(Fig. 7). Taking these criteria into account, the
100 mg/L concentration contour for NO;, expressed
as pNO;= —log(aNO;) = 2.79, was selected to
unambiguously delineate the boundary of NaNO;/
COs brines derived from Lake Karachai, because it
exceeds the anomalous concentration of NO; in
groundwaters with other origins (Fig. 2).
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Fig. 9. Logs of pH, pNa and pNOj3 in Well No. 50/97 in

1994 showing the typical distribution of Na and NOj; in

the NO; anomalies associated with fly-ash impoundment
A-1 of the Argayashskaya thermal power plant.

The distribution of non-conservative components
in the plume, e.g. Na, U, 205, 137Cs, °Co, which
are retarded through reaction with the host rock
can be compared with the migration of the “conser-
vative” component, NO;. Within the Mishelyak
River and its flood plain, in the region where both
the NO; solutions from the Lake Karachai and
NOj;-bearing waters from the fly-ash impoundment
are encountered (Fig. 2), anomalies of the mixed
genesis have been observed lately.

Because of the density redistribution of solutions
in observation wells that were not flushed before
logging, it is impossible to establish precisely the
distribution of flow in the vertical section of the
water-bearing horizon. Hence, the lower limits of
penetration of contaminated waters into the fissured
volcanic bedrocks, often depicted in hydrogeologi-
cal sections, e.g. Samsonova and Drozhko [1996],
are probably inaccurate. Furthermore, the areal dis-
tribution of contaminated waters as determined
using deep (mostly to 100—120 m) and shallow wells
is also subject to substantial error. These limitations
indicate that the actual distribution and migration
of these waters and, correspondingly, the levels of
contamination of subsurface waters, are presently
known only imprecisely.

The groundwater migration pattern has been
investigated mainly to the S of Lake Karachai
(Fig. 2). An analysis of hydrogeochemical sections
(Fig. 5) and resistivity observations in the wells
flushed a priori with uncontaminated lake water
[Solodov et al., 1994], permit an important assump-
tion to be made regarding the influence of rock fab-
ric on the migration of the contaminated waters: a
group of northwesterly striking faults and an associ-
ated zone of increased fracturing in conjunction
with drainage by the Mishelyak River act as a
hydraulic barrier to the movement of contaminated
waters towards the Novogornyi City water intake.
However, it is important to note that in the last 4
years, pNO; observed in wells on the left and right
banks of the Mishelyak River has fallen. The
change is evident in Well No. 8/90 where pNOj fell
from 5 to 3 below 80 m depth between 1992 and
1993. Thus there are indications that insignificant
amounts of contaminated waters of Lake Karachai
provenance have been penetrating through this fault
zone barrier to the right bank of the river, since
1993. Hydrodynamic processes affecting the mi-
gration of contaminated waters along their path
from the lake to the river are presented in Fig. 5 in
the form of a conceptual model (upper drawing).

CONCLUSIONS

Hydrogeochemical logging, used for the first time
to study the chemical and radioactive contami-
nation of subsurface waters in fissured volcanic
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rocks in the vicinity of a surface impoundment the
liquid RAW, indicates that this method is a reliable
investigative tool for characterizing the geochemis-
try of natural and contaminated subsurface waters.
Through such logging, it was possible to reconstruct
the natural hydrogeochemical setting that existed in
the water-bearing horizon prior to liquid RAW
impoundment. The processes involving the chemical
modification of natural groundwaters by infiltrating
technogenic  solutions were clearly identified.
Among these processes, the most intensive are radi-
olysis of dissolved technogenic components acetate
and oxalate with the formation of high concen-
trations of total CO, in solution, and the modifi-
cation of Eh conditions through radiolysis of
nitrate and the formation of considerable amounts
of O,, NO, and NHy. The high initial concentration
of technogenic Nat in solution induces ion
exchange of Na*t for Ca®>*, Mg®>" and Sr**, which
in turn causes the precipitation of alkali metal car-
bonates and the selective precipitation of *°Sr.

The application of pH-Eh-O, logging under natu-
ral conditions permits a quantitative evaluation of
groundwater movement and the degree of hydro-
dynamic dispersion in the fissured bed rocks.
Sodium-NOs-pH logging in technogenic solutions
permits the discrimination of NOjz anomalies with
different origins. Nitrate logging is a highly sensitive
and detailed method for studying the distribution of
contaminated waters, and may be recommended as
the primary method of monitoring plumes of con-
taminated water emanating from sources similar to
those investigated in this paper, particularly because
practically all radiochemical recovery processes
involve the use of nitrates, and the NO; ion is not
significantly retarded in migrating groundwaters.

Hydrogeochemical logging also allows evaluation
of gravitationally induced stratification of techno-
genic waters in fissured rocks and identification of
zones of Na absorption from NaNO3/COj; brines in
structural traps, quantitative evaluation of hydrau-
lic processes involving the dilution of technogenic
brines through precipitation to a depth of 20-40 m,
the hydrodynamic dispersion of the advancing front
of the plume during migration through fissured
rocks, and finally the determination and evaluation
of ion-exchange and adsorption processes involving
reaction of contaminants with the enclosing host
rocks.

The immobilization of NaNO3/CO; brines by
structural traps may be a decisive factor in imped-
ing the migration of contaminated waters through
the water-bearing horizon. The existing factors
involving the penetration of contaminated waters to
depths exceeding 80—100 m within the NaNO;/CO;
brine plume (Fig. 5), suggest that structural traps of
dense solutions could be employed as a natural
means of storing highly mineralized radioactive sol-
utions in the subsurface environment. It would,

however, be necessary to determine their geometry
and evaluate the sorbtive capacity and the degree of
hydraulic isolation of these traps from surface
waters.
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